In minimal SUSY GUT models the R-parity breaking terms are severely constrained by SU(5) gauge invariance. We consider the particular case where the explicit R-parity breaking occurs only via dimension 2 terms of the superpotential. This model possesses only three R-parity breaking parameters. We have studied the predictions of this model for the neutrino masses and mixing angles at the one-loop level within the framework of a radiatively broken unified supergravity model. We find that this model naturally yields masses and mixing angles that can explain the solar and atmospheric neutrino problems. In addition, there are regions in parameter space where the solution to the solar neutrino puzzle is compatible with either the LSND result or the existence of significant hot dark matter neutrinos.
Introduction
The standard model of elementary particle physics (SM) is in very good agreement with all presently available data. Nonetheless, it suffers from various theoretical shortcomings, the most severe of which is the hierarchy problem [1] .
In supersymmetric models the cancellation of quadratic divergences is guaranteed and thus any mass scale is stable under radiative corrections. Supersymmetry (SUSY) implies that any fermion (boson) is accompanied by a bosonic (fermionic) superpartner with the same mass and transformation properties under the gauge symmetry [2] . The most economical candidate for a realistic model is the minimal supersymmetric extension of the SM (MSSM). In addition to the superpartners for all SM particles it contains two Higgs bosons (required to give mass to up and down-type fermions and to cancel the triangle anomalies arising form the fermionic partners of the Higgs bosons) but no other particle.
The most general superpotential invariant under the gauge symmetry can be written as W = These couplings are constrained from above by experiment. The most model independent constraints can be obtained from collider experiments [3] or neutrino physics [ [4] , [5] ]. It turns out that the individual lepton and baryon number violating couplings only have to be smaller than O(10 −3 ∼ few × 10 −1 ). Thus, the R-parity violating couplings need not be more suppressed than the lepton and baryon number preserving Yukawa couplings. from heavy nuclei decay [6] , but even this constraint becomes somewhat less impressive if compared to y D 011 ≃ 3 × 10 −5 . Somewhat stronger constraints can be derived from cosmology [7] .
Thus, it may be premature to conclude from our negative experimental search that Rparity is a good approximation or even exact symmetry of nature.
However, the experimental exclusion area can be strongly enhanced by imposing theoretical constraints. In the minimal SU(5) SUSY-GUT model, the right-handed leptons, the right-handed up-type quarks and the left-handed quarks are embedded in a ten dimensional representation, 10 i = E 1 Thus, in general the baryon and lepton number violating couplings are correlated in SUSY GUT models. This leads to very strong constraints on any y ijk from proton stability which are much stronger then the constraint in eq. 1.2 [8] . (Note, that it does not constraint the coefficients of dimension 2 terms, µ i .)
These much stronger constraints in the framework of SUSY GUT models are the reason why in the MSSM any lepton and baryon number violating interaction is eliminated by imposing a discrete, multiplicative symmetry called R-parity [9] R p = (−1) 2S+3B+L , (1.4) where S, B and L are the spin, baryon and lepton numbers, respectively. Aside from the long proton life-time, R-parity conserving models have the very attractive feature that the lightest supersymmetric particle (LSP) is stable and a good cold dark matter candidate [10] . However, while the existence of a dark matter candidate is a very desirable prediction, it does not prove R-parity conservation and one should keep an open mind for more general models.
In this paper, we will investigate the scenario where R-parity is broken explicitly via µ i = 0 [11] . In particular, we compute the predictions for the neutrino masses and mixing angles in the frame-work of a SUSY-GUT model with radiative electroweak symmetry breaking.
Our paper is organized as follows: in section 2 we present the model at tree-level and our notation and conventions. In section 3 we present our numerical analysis of the one-loop radiatively corrected neutrino/neutralino mass and mixing matrix. Our conclusions are presented in section 4 and our results for the renormalization group equations (RGEs), the expressions for masses and vertices, and the formulae for our one-loop results are relegated to four appendices.
Chapter 2
The Model at Tree-Level
In the introduction we have argued that explicit R-parity breaking Yukawa couplings are strongly constrained by the long proton life-time if the model originates from a SUSY-GUT model. One alternative is to break R-parity spontaneously at the electro-weak scale. This possibility has been studied extensively [[5] , [12] , [13] ]. The main feature of these models is the existence of a Goldstone-boson, the Majoron, associated with the spontaneous breaking of a continuous symmetry, Lepton number conservation. The simplest model where R-parity is broken spontaneously by a sneutrino VEV [12] is phenomenologically ruled out. This leads to the introduction of several SM singlets and new Yukawa-type couplings [13] . Another possibility is the explicit R-parity breaking via soft terms of the superpotential only. These terms are unconstrained by the proton life-time and can arise naturally in SUSY-GUTs.
Let us consider, for example, a SUSY GUT model based on SO (10) . Here, the Higgs fields are embedded in a 10 = 5 ⊕ 5 0 while the down-type fermions are embedded together with all other fermions of one generation including the right-handed neutrino in a 16 = 10 ⊕ 5 ⊕ 1. The only renormalizable Yukawa couplings in SO(10) can be written as W GU T = y ij 10 ⊗ 16 i ⊗ 16 j . This automatically implies the absence of the couplings y . Furthermore, the Higgs/slepton mixing terms vanish ( i.e. µ i = 0). However, in general this term can be generated dynamically via W mix = y i 10 ⊗ 16 i ⊗ 16 H if SO(10) is broken spontaneously to SU(5) by the right-handed neutrino-like component of the 16 dimensional Higgs field 16 H = 0. Why the resulting mass terms µ i ≡ λ i 16 H and µ 0 are of the order of m z rather than the scale of gauge unification, M GUT ≃ 10 16 GeV is not clear but possible mechanisms are known [14] . It is not implausible that the couplings y i arise from non-renormalizable terms and are O(m 3/2 /M P ) (here, m 3/2 ≃ few×100 GeV is the gravitino mass and M P ≃ 10
19 GeV is the Planck mass). Whatever the solution for the µ problem, it is expected to affect the µ i in an analogous fashion. Thus we can expect naturally that µ i = O(µ 0 ) 1 with a possible suppression factor of 16 H /M P ≃ 10 −3 . In this model, the analogous baryon number violating Higgs triplet/down-type quark mixing is suppressed automatically if D 0 (together with T ) acquires a mass O(M GUT ). Such a large mass for the Higgs triplets is required in any SUSY-GUT model with or without R-parity. It is a very severe problem [15] and has no completely satisfying solution to date. However, once this problem, common to all SUSY-GUT models, is solved there are no additional baryon number violating terms in the low energy theory even if we include non-zero values of µ i .
On the other hand, lepton number violation via Higgs/slepton mixing is potentially unsuppressed. This gives rise to neutrino masses and mixing angles and may provide an economical explanation for the solar neutrino deficiency [16] and to solve the atmospheric neutrino puzzle [17] . These possibilities are well within present constraints and deserve to be studied. Thus, we will focus our attention to the scenario where y ijk = 0 but µ i = 0.
The SUSY-GUT framework
In any realistic model SUSY has to be broken at the electro-weak scale given by the mass of the Z boson, m z = 91.187 [18] in order to explain why no superpartner has been detected to date. Here, this is done by including explicit soft SUSY breaking terms in the potential The large number of free soft SUSY breaking parameters can be reduced significantly by making certain assumptions about their origin. In minimal N = 1 supergravity (SUGRA) models the breaking of SUSY is thought to occur in a "hidden" sector i.e. a sector of the theory that couples to the standard model particles only via gravity. The soft SUSY breaking terms arising from gravitational coupling to the "hidden sector" are assumed to be universal at the Planck scale M P ≃ 10 19 GeV. As a result, there are only four independent parameters. These are the A 0 (B 0 ) parameter multiplying the tri-linear (bilinear) part of W , the universal scalar mass m 0 and the universal gaugino mass parameter m 1/2 , i.e.
By assuming universal soft SUSY breaking parameters at M P we have drastically reduced the number of free SUSY breaking parameters of the theory. This universality of the soft SUSY breaking parameters is broken at the electro-weak scale due to a renormalization group evolution of the individual parameters 2 (the β functions for the general model with R-parity breaking are listed in appendix A). It is one of the great successes of this scenario that the low energy value of m 2 H obtained from renormalization group evolution is indeed negative, giving rise to spontaneous electroweak symmetry breaking while all other scalar mass parameters remain positive over a large region of parameter space [20] .
Minimizing the Higgs Potential
Before we can investigate any other sector of the model we first have to minimize the Higgs potential. The fundamental difference of our model to the MSSM with conserved R-parity is the fact that the Higgs fields mix with slepton fields. Thus, we effectively have to minimize a five Higgs doublet model. In particular, all the mass eigenstates and the vacuum expectation values will be a linear combination of Higgs fields and slepton fields. The tree-level potential can be written as
3)
The soft SUSY breaking parameters are obtained by numerically solving the renormalization group equations (RGE) given in Appendix A with universal boundary conditions [eq. 2.2]. For a qualitative understanding we present the result for tan β = 20 and m t = 175 GeV.
The non-universal terms are generated through the down-type Yukawa couplings. For a qualitative understanding it is convenient to neglect these terms [21] . They are to a good approximation independent of m t assuming the top Yukawa coupling is not too close to the Landau pole and have a trivial tan β dependence
with all other off-diagonal elements vanishing. We introduce the following notation for the individual components 
with the convention that indices in braces are not summed over. In order to stay as close to the notation of the MSSM as possible we define
and we parameterize the VEVs in terms of spherical coordinates
Analogously, it is convenient to parameterize the R-parity breaking mass parameters in terms of three mixing angles
and µ ≡ √ µ I µ I . The potential in eq. 2.3 is minimized by an iterative procedure using the analytic solution for tan θ 1 = 0 as our initial values. This procedure also works surprisingly well for tan θ 1 > 1. However, in order to obtain qualitative understanding of the results it is instructive to investigate the potential analytically. Let us for the moment neglect the effects of the down-type Yukawa couplings on the running of the soft SUSY breaking parameters. Then the conditions m 2 L IJ ∝ δ IJ and B µ I ∝ µ I would continue hold even after renormalization group evolution down to the electro-weak scale. Let us make a rotation on the Higgs/lepton superfieldsL I → U † IJL J with the unitary SU(4) matrix defined by:
In this basis there is no R-parity violation in the Higgs potential of the model. Instead there are R-parity violating Yukawa couplings. For a qualitative understanding this basis is much more convenient [11] . In particular, we find that universal soft SUSY breaking parameter at m z lead to alignment of v I and µ I which means θ i = θ ′ i . It is clear that by solving the RGEs including the bottom Yukawa coupling, y b ∝ m b tan β, we have
This result shows no explicit tan β dependence (for fixed Yukawa couplings). However, eq. 2.14 is too naive as we will see by considering the limit of large tan β. Let us now turn to the complete particle spectrum of the Higgs sector. There are five CP-even neutral scalars, five CP-odd neutral scalars and eight charged scalars
This fields are mixed states of Higgs bosons and sleptons. The unitary matrices U
are obtained by diagonalizing the corresponding mass matrices given in Appendix B. We define the unitary matrices such that m φ i ≤ m φ j for i < j. Note, that the CP-odd neutral fields and the charged fields contain an unphysical mass-less goldstone-bosons, A 0 1 and H ± 1 , which are absorbed via the Higgs mechanism. These fields cannot occur as external fields but they do contribute in loops.
Chapter 3 Neutrino/Neutralino Sector
The R-parity violating parameters µ i are expected to have the most noticeable effect on the neutrino/neutralino sector. In models with broken R-parity the neutrinos and neutralinos mix via the mass matrix in eq. B.2. However, only one of the neutrinos, presumable ν τ , acquires a mass at tree-level contrary to the Majoron models where also m νµ is generated at tree-level [5] . Furthermore, the neutrino/neutralino mixing turns out to be rather small in the phenomenologically allowed region. Thus, it is natural to keep the conventional MSSM terminology and to refer to the three lightest (four heaviest) mass eigenstates as the neutrinos (neutralinos).
In order to obtain the leading contribution to the masses of the two lightest neutrinos we have to compute one-loop radiative corrections to the mass matrix. The complete radiative corrections to the neutralino mass matrix in the MSSM with unbroken R-parity has been presented in ref. [22] and the leading order term for the neutrino masses has already been derived in ref. [11] . The one-loop corrected neutrino/neutralino mass matrix is given by
Here, the divergences are regularized by dimensional reduction [23] where µ R is the renormalization scale and d is the number of space-time dimensions. The superscript DR denotes the renormalized mass matrix in a minimal subtraction scheme obtained by set- For the mass eigenvalues it is usually sufficient to consider only the radiative corrections to the diagonal matrix elements of the propagator ( i.e. n = m). However, in the case of mass-degenerate states at tree-level such as the two lightest neutrinos one finds the mass eigenvalues by rediagonalizing the one-loop corrected neutralino mass matrix. In addition, we are interested in neutrino oscillations determined by the mixing angles. Since we are only interested in the leading effects it would be sufficient to consider only the oneloop corrections to the ν e -ν µ mixing which is undetermined at tree-level. However, for a systematic treatment we evaluate the one-loop corrections to all matrix elements and rediagonalize the full 7 × 7 mass matrix.
We define the one-loop mixing matrix, ∆Z such that the matrix
is diagonal with the the one-loop radiatively corrected neutrino/neutralino masses m χ 0 n as the diagonal elements. The choice for the momentum at which the off-diagonal elements have to be evaluated is ambiguous. However, the effects of this ambiguity is of higher order since the off-diagonal elements are only important if m χ 0 n − m χ 0 m ∼ < O(α/4π) and we simply choose
In a complete physical scheme any explicit dependence on gauge parameter or renormalization scale should cancel. A complete analysis would require the renormalization of the parameters v, g, g ′ , tan β, µ, M and M ′ at one-loop. However, we are only interested in the leading contributions to the neutrino masses and mixings. Thus, the one-loop corrections are only relevant for the two lightest neutrino masses. We have checked that the radiatively generated masses of the lightest two neutrinos are indeed gauge independent and renormalization scale independent. For the third neutrino (which acquires mass at tree-level) the scheme-dependence is of higher order and can be neglected.
The neutrino mass spectrum: A general Scan
In order to see what a typical neutrino mass spectrum looks like we first perform a general scan over the entire parameter space. We impose the standard assumption that all the soft SUSY breaking parameters are universal at M GUT . The spectrum then depends on four SUSY parameters, tan β, A 0 , m 1/2 and µ (here, the value of m 0 is determined by imposing radiative electro-weak symmetry breaking and B is replaced in favor of tan β) and in addition on three R-parity violating angles tan θ i (i = 1, 2, 3).
From our Appendix C we see that the lepton current coupling to the W − can be written
Here, √ 2O R nx /g is the analog to the CKM matrix of the quark sector. Note that in our notation the conjugate left-handed lepton doublets form the right-handed component of the charginos and vice versa. This unconventional arrangement was neccessary in order to have a unified notation for neutrinos and neutralinos and for charged leptons and charginos.
The one-loop radiatively corrected interaction marices O L and O R are obtained from eq. C.14 by replacing Z → (1+ ∆Z)Z. The analogous one-loop corrections to the charged lepton mixing matrix is suppressed by the inverse power of the lepton masses and can savely be neglected.
There are two fundamental difference to the quark sector: (i) the existence of a left-handed and a right-handed current and (ii) the matrices √ 2O P nx /g (P = L, R) are not unitary. However, it turns out that only the case tan θ 1 ≪ 1 is phenomenologically interesting. In this case, the 3 × 3 submatrix O L ij ≪ 1 (i, j = 1, 2, 3) can be neglected. The 3 × 3 submatrix O R ij is to a very good approximation unitary and equivalent to the leptonic CKM matrix. Furthermore, in order to adopt a more standard notation we define
Strictly speaking, this is only correct in the case of two generation mixing or for small mixing angles, but the accuracy is still better than the experimental uncertainties and will be sufficient for our purposes.
It is somewhat problematic to present the result of different diagrams given in eq. D.2 and D.1 because the mass eigenvalues of a sum of two matrices is not equal to sum of mass eigenvalues of two matrices. Thus we will only consider the full result obtained by summing over all one-loop diagrams. However, we would like to emphasize that the only significant diagrams are the ones envolving the down-type quarks/squarks and the charginos/charged Higgs bosons. It turns out that for small values of tan β the down-type quark/squark loops dominate due to the large Yukawa couplings and a color enhancement. 
as long as tan θ i ≪ 1. The dependence on tan β is more complicated. We see that there is a sharp rise in m ντ if the top Yukawa coupling is near a Landau pole ( i.e. tan β ≃ 2). On the other hand, there is also an increase of all three neutrino masses with tan β. Note that the explicit cos 2 β suppression of m ντ in eq. B.3 is overcompensated by the tan 4 β dependence of sin 2 (θ 1 − θ ′ 1 ). In fig. 3 .2(d) no obvious proportionality can be established. We can see that a destructive interference of various one-loop diagrams can result in a vanishing m νµ for a particular (large) value of tan β. The same can happen to m νe for some values of the SUSY parameters.
We find that over most of the parameter space there is a hierarchy among the three neutrino masses. However, there are regions where the heaviest one-loop generated mass can dominate over the tree-level mass. E.g. in fig. 3 .3(c) we see that m νµ and m ντ intersect for µ ≃ −300 and −200 GeV. On the other hand, we find that the mass of the lightest neutrino m νe ≪ m νµ , m ντ over the entire parameter space.
In fig. 3.4 we present the masses and mixing angles as a function of the SUSY breaking scale parameterized by m 1/2 for A 0 = 0 and µ = 2m 1/2 . We find that all the masses are inversely proportional to the SUSY breaking scale (aside from singularities in the lightest mass eigenvalue due to some accidental cancellation among different diagrams). This decoupling is due to the fact that our model reduces to the SM in the limit of large SUSY breaking scales.
Finally, in fig. 3 .5 we present scatter plots of 6×10 4 different sets of parameters. Again we assume maximum mixing and we have scanned over all SUSY breaking parameters in the range 2 < tan β < 40, |A/m 1/2 | < 3, 50 GeV ≤ m 1/2 , |µ| ≤ 500 GeV and 1 < |µ/m 1/2 | < 5. Typically, we find m νµ /m ντ ∼ > 10 −4 and m νe /m ντ ∼ < 10 −7 . The fact that the heavier oneloop radiatively generated mass and the tree-level mass are relatively close in magnitude can be understood from eqs. 2.14 and B.3:
We see that the one-loop suppression is compensated by the smallness of θ 1 − θ ′ 1 . Furthermore, we see that even in the case of maximum R-parity violation the neutrino masses are below their experimental bounds [25] over most of the parameter space. The reasons for this suppression was discussed in detail in ref. [21] A neutrino mass spectrum for different mixing angles can be obtained to a very good approximation by using the proportionality relations of eq. 3.4 and 3.5.
Solar and atmospheric Neutrino puzzles
So far we have only considered the theoretically predicted neutrino spectrum. We have focused on the case of maximum mixing, from which the general case can be derived by rescaling the masses by appropriate powers of tan θ i (i = 1, 2, 3).
Before discussing any virtue of a given model we should assure that it satisfies all experimental bounds. There are various constraints on the SUSY spectrum. In particular, from LEP-1 we know that no superpartner (except a gaugino-like neutrino) can exist with mass below m z /2 [18] . Stronger constraints on strongly interacting sparticle masses are obtained from experiments at FERMILAB [18] . All of these bounds can be evaded by scaling up the soft SUSY mass parameters just like in the models with unbroken R-parity. Typically any model with m 0 , m 1/2 ∼ > 100 GeV provides a sufficiently heavy sparticle spectrum. One can try to derive stronger constrains from virtual effects in processes as b → sγ, but it requires very strong assumptions on the squark mass matrices and possible cancellations among different contributions makes it hard to derive firm bounds that are much higher than those coming from direct particle searches [26] . In order to impose the experimental constraints on the Yukawa couplings on our model we have to rewrite the Lagrangian in a basis where the Higgs fields are the only ones with nonzero VEV. In this basis, there exist R-parity violating Yukawa couplings proportional to the lepton masses y
. However, they are below the experimental bounds even in the case of maximal mixing.
In principle we could now proceed to impose bounds on neutrino masses [25] m νe ∼ < 4.35 eV , m νµ ∼ < 160 keV , m ντ ∼ < 23 MeV .
( 3.7) and lepton mixings from the partial Z width [18] Γ(Z → e ± µ ∓ ) < 0.6 × 10 −5 ,
in order to obtain constraints on the R-parity breaking parameters 2 . This route has been taken by various other authors in models with spontaneous R-parity breaking or in models with R-parity breaking Yukawa couplings [4] and very recently also in the model under investigation here [28] .
However, our goal is slightly more ambitious. Rather that trying to rule out a certain region of the seven dimensional parameter space we are more interested to see whether our predictive model with only three R-parity violating parameters can provide the solution to actual problems. In particular, we want to find out whether the pattern of neutrino masses can provide a natural framework for a solution of the solar [16] and atmospheric [17] neutrino puzzles. The masses and mixing angles needed to solve the atmospheric neutrino puzzle are [17] 
For the solar neutrino puzzle there are three possible regions in parameter space [16] , [29] 
The first two regions correspond to an MSW solution [30] and the third one corresponds to long-wavelength oscillations (LWO) [29] . Our analysis is similar to the one performed in ref. [5] and [13] in models with spontaneous R-parity breaking and in ref. [31] for models with R-parity breaking Yukawa couplings. The model under consideration here distinguishes itself from the later models by permitting only three R-parity violating parameters in addition to the usual minimal SUGRA parameters and is thus considerably more constrained. On the other hand, it does not predict any new particles below the Z mass and cannot easily be tested in present [28] or future collider experiments.
The desired values of m 2 ντ − m 2 νµ , sin 2 2θ µντ and sin 2 2θ eνµ can be obtained by adjusting tan θ 1 , tan θ 2 and tan θ 3 , respectively. Clearly, the desired value of m ντ [eq. 3.9] is some four to ten orders of magnitude smaller than the ones obtained for maximum R-parity violation [ fig. 3 .5] implying that tan θ 1 has to be rescaled by some two to five orders of magnitude. Similarly we can fix sin 2 2θ µντ and sin 2 2θ eνµ by tuning tan θ 2 and tan θ 3 . The value of m 2 νµ − m 2 νe is then predicted as a function of the SUSY parameters. Note that the source of the lepton number violations and lepton flavor violations are soft mixing terms that are uncorrelated with the Yukawa couplings. Thus, there is no relation between the neutrino mixing angles and the CKM-matrix of the quark sector such as in SO (10) SUSY-GUT models and we should forget any prejudice towards small mixing angles.
We begin our numerical analysis for the case of small mixing ( i.e. sin 2 2θ eνµ = 0.008). In fig. 3 .6 we present the prediction of m In fig. 3 .7 we present a histogram of the number of models N that yield a particular fig. 3 .6. The dashed (dotted) line indicates the value required to solve the solar neutrino puzzle via the MSWeffect (LWO). We see that the predicted value of m νµ in most models is about one order of magnitude below the value needed to solve the solar neutrino problem (the value of m νe is negligible in all models). However, the number of models that predict the right value is still so large that no particular fine-tuning is needed.
In fig. 3 .7(b) we have singled out all the models with 3 × 10 −6 eV 2 < m 2 νµ − m 2 νe < 7 × 10 −6 eV 2 . We find a clear correlation between tan β and tan θ 1 that allows to predict tan θ 1 to within a factor of three for a give value of tan β independent of the SUSY spectrum. Let us now compare the obtained value for tan θ 1 with experimental constraints. The most solid constraints come from collider experiments. However, they are very weak [28] and do not constrain the region in parameter space we are interested in. Stronger constraints can be obtained by requiring that the baryon asymmetry not be washed out at the electroweak phase transition [7] . It means that at least one of the three lepton has to stay out of chemical equilibrium, ie. the lepton number violating Yukawa couplings for the electron have to satisfy
Note that eq. 3.11 only constraints the product tan θ 1 sin θ 2 ∝ m ντ sin θ 2 ∝ m νµ . In fig. 3 .7(b) we see that the small mixing solution to the solar neutrino problem is compatible with eq. 3.11 (soid curve) in particular in the region of large tan β. Note that maximum ν e -ν µ mixing leads to much stronger constraints on tan θ 1 We will now investigate the region of large ν e -ν µ mixing i.e. we adjust tan θ 3 such that sin 2 2θ eνµ ≃ 1. This case yields a spectrum of squared mass differences very similar to the previous case. The result is summarized in fig. 3.8 . We see that the value of m 2 νµ − m 2 νe needed for an LWO explanation of the solar neutrino puzzle lies very close to the maximum. It is obtained by roughly ten times as many models as the value needed for an MSW explanation. Of course it is impossible to draw any rigorous conclusion from such a scan since we have no objective way of weighing the probability for a particular set of parameters. However, in fig. 3.7(b) we see that the large mixing MSW solution is incompatible with cosmological constraints eq. 3.11 (soid curve) while for some sets of parameters the large mixing LWO solution is allowed.
LSND and hot dark matter
In the last section we answered the question whether the solar and atmospheric neutrino problems could be solved simultaneously within the frame-work of our model. However, there are several other experimental hints that indicat the existence of neutrino oscillations. Maybe the most significant result arises from µ decay at rest which requires m 2 νµ − m 2 νe ∼ > 0.3 eV 2 and sin 2 2θ eνµ ≃ 0.004 [32] . We perform a similar scan over the parameter space as in fig. 3.7 and fig. 3 .8. Note that here the solar neutrino deficiency can be explaine by ν e -ν τ oscillation. Thus, we fix tan θ 1 by tuning m Our result is summarized in fig. 3 .9. The dotted curve shows the lower limit on m 2 νµ − m 2 νe compatible with the LSND result. The short dashed curve shows the upper limit on m νµ from collider experiments [18] while the long dashed curve shows the upper limit on the heavies neutrino mass from requiring that the neutrino relic density does not overclose the universe [27] . We see that for large values of tan β there are a few sets of parameters that can simultaneously explain the solar neutrino deficiency and the LSND result. However, since in this scenario m νµ is quite large in comparison with m ντ in the case of the atmospheric neutrino puzzle it is clear that the R-parity violating parameter is larger than its cosmological upper limit [7] .
One of the disadvantages of models with broken R-parity is the instability of the lightest supersymmetric particle which cannot serve as a cold dark matter candidate. One the other hand, it has been suggested that the existence of hot dark matter (HDM) consisting of massive neutrinos with a sum of all the masses of about 7 eV would be desirable [33] . Clearly, this condition is only compatible with both a solution to solar and atmospheric neutrino puzzle if all three neutrinos are almost mass-degenerate. This is incompatible with the hierarchical spectrum of our model (ie. m νe ≪ m νµ , m ντ ). However, it is clearly possible to solve the solar neutrino puzzle via ν e -ν µ oscillation while fixing m ντ = 7 eV. E.g, take all the models from fig. 3.7(b) and fig. 3 .8(b)-(c) and replace tan θ 1 → (7 eV/0.1 eV) 1/2 tan θ 1 and tan θ 2 → (7 eV/0.1 eV) −1/2 tan θ 2 . This rescaling only changes the value of m ντ while the values of m νµ , m νe and the R-parity violating coupling constrained by eq. 3.11 remain the same. 
Chapter 4 Conclusions
We have investigated the spectrum of neutrino masses and mixing angles in the MSSM with broken R-parity. We have focused on the model where R-parity breaking arises explicitly from dimension 2 terms in the superpotential. This model is characterized by only three additional parameters and can be embedded in SUSY GUT model without any constraints from the proton life-time. In this model, the R-parity breaking is characterized by tan θ 1 , the µ-τ mixing by tan θ 2 , and the e-µ mixing by tan θ 3 . By adjusting these parameters we can solve the solar and atmospheric neutrino puzzles without fine-tuning. In particular, we have shown that a large hierarchy m ντ ≫ m νµ ≫ m νe is quite natural even in the case of maximum mixing and may favor a LWO explanation of the solar neutrino puzzle. To obtain the correct neutrino masses we need tan θ 1 ≃ 10 −x (x = 2 ∼ 5; this ratio may be explained as the ratio of M GUT /M P ) but no additional particles and no new intermediate scale. Requiring that the baryon asymmetry not be washed out at the electro-weak phase transition rules out the large mixing MSW solution, while some regions of the LWO solution and small mixing MSW solution are allowed.
Finally, we demonstrate that there are regions in parameter space where the solution to the solar neutrino puzzle is compatible with either the LSND result or the existence of a 7 eV HDM neutrino.
Appendix A The RGEs for the R-parity violating terms
Here we present the RGEs for the R symmetry breaking terms. They can easily be derived from ref. [34] In our model without R-parity violating Yukawa couplings and with diagonal lepton Yukawa couplings the RGEs for µ I reduce to
where we do not sum over indices in brackets. Furthermore, for our purposes it is more convenient to write
Appendix B The mass at tree-level
In our model the electro-weak symmetry is broken via a the vacuum expectation value (VEV) of the neutral CP-even Higgs boson fields and the sneutrino fields,v ≡ H and v I ≡ L I . We find it convenient to present all the masses and interactions in the basis where the interactions are R-parity conserving and R-parity breaking is only parameterized by the mass parameters µ i , B µ i , and after electroweak symmetry breaking also by v i . Furthermore, it is convenient to define the unit vector u I ≡ v I /v.
In our notation we use calligraphic letters to denote the mass matrices and interaction matrices in the electro-weak basis and roman letters for the mass matrices and interaction matrices in the basis of the mass eigenstates. The hypercharges are listed in table B.1.
In models with broken R-parity the neutrinos mix with the neutralinos. We can write the potential as
where ψ
1 and the 7 × 7 neutrino/neutralino mass matrix
where we have defined c w ≡ cos θ w ≡ m w /m z and tan β ≡v/v, s β ≡ sin β, etc. We now define the unitary matrix Z such that the matrix m χ 0 = Z * M χ 0 Z −1 is diagonal and the value of the diagonal elements is ordered by magnitude.
The mass matrix in eq. B.2 still has two massless eigenstates corresponding to two neutrinos. However, one neutrino acquires a mass 
at tree-level. Furthermore, the charged leptons mix with the charginos. In complete analogy to the MSSM we can write
The potential is given by
The 5 × 5 mass matrix is given by
We now define the unitary matrices
Then we can write the chargino mass eigenstates as four component spinors
Let us consider the Higgs sector. In the case of explicitly broken R-parity (i.e. µ i = 0) we find that the Higgs multiplets mix with the lepton multiplets. In particular, the sneutrinos acquire a non-zero VEV. The system of five equation corresponding to the minimum conditions of these fields can be solved most easily numerically by iteration. The tree-level mass matrix of the neutral, CP-even Higgs/slepton mass matrix is given by 8) and tree-level mass matrix of the neutral, CP-odd Higgs/slepton mass matrix is given by 
and
Note that the gauge dependent pieces arise from the gauge fixing terms in the R ξ gauge. They give masses to the goldstone-bosons m 
Appendix C Vertices
In the following appendix we summarize a set of vertices in a notation that is convenient for SUSY theories with broken R parity[ [28] , [21] ]. Note, that due to the minus signs in eq. 2.6 the fields ψ 
The Zχ 
where P = L, R. The A 
The H Definition and more details on the charge conjugation operator C can be found in ref. [36] .
The vertices in the mass eigenbasis are given by for P = L, R (here U L ≡ V , and U R ≡ U). Furthermore, we have assumed that the Yukawa matrices y U/D/L are diagonal. The unitary matrices Uq diagonalizing the squark mass matrices are defined analogous to eq. 2.15.
Appendix D
The One-Loop Corrected Neutrino/Neutralino Mass Matrix
In this appendix we present the complete one-loop radiative corrections to the full neutrino/neutralino mass matrix. Note that for the radiative generation of the neutrino masses only the diagrams involving Higgs fields are relevant. We have regularized the divergences by dimensional reduction [23] . The calculation has been done in the t'HooftFeynman gauge (ξ = 1). Note that the self-energy diagrams and as a consequence also the running DR masses as defined in eq. 
